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ABSTRACT 26 
Effects of diets including a fruit cell-wall matrix (mango) or a soluble cell-wall polymer (pectin), on the 27 
porcine large intestinal (LI) bacterial community were examined at the caecum (Cae), proximal (PC), mid- 28 
(MC), and distal colon (DC), investigating both bacterial composition and metabolic end-products.  29 
Pigs were fed one of three diets: Control based on wheat starch, and treatment diets where starch was 30 
partially substituted with either 15% mango pulp or 10% pectin.   31 
Fermentation end-products were significantly different between diets, and LI sites (P<0.001). Control-diet 32 
fed pigs had lowest SCFA and highest ammonium concentrations. Distally, SCFA concentrations decreased 33 
across all diets, resulting in reduced differences between diets.  The more complex fibre in the Mango diet 34 
promoted increased bacterial diversity within the Cae and PC, compared with pigs fed the Control and 35 
Pectin diets. At each site, the order of total species abundance and diversity was Mango>Control>Pectin. 36 
Between diet groups, there were distinct community differences. Species abundance that differed per diet 37 
included Faecalibacterium prausnitzii (Pectin), and Lactobacillus mucosae (Mango). However, Mango 38 
promoted a more stable abundance of F. prausnitzii along the LI, while Pectin resulted in F. prausnitzii 39 
abundance being high proximally and low distally. This contrasted with the low fibre Control diet results, 40 
where F. prausnitzii was not detectable.  This study has shown that although pectin can promote extensive 41 
fermentation early in the LI, more prolonged and beneficial effects in the distal LI, including greater 42 
microbial species diversity, occur when the diet includes plant material with complex intact plant cell-walls, 43 
such as from mango. 44 
 45 
 46 
Keywords  47 
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Abbreviations 51 
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proximal colon; SCFA, short-chain fatty acids; SI4, terminal ileum of small intestine; 53 
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1.  Introduction  55 
Recently, it has been proposed that diets rich in complex carbohydrates of plant origin alter the 56 
diversity, abundance, and metabolism of large intestinal (LI) bacteria (David et al., 2014), including 57 
promotion of beneficial species (Flint, Scott, Duncan, Louis, & Forano, 2012; Gómez, Gullón, Yáñez, 58 
Schols, & Alonso, 2016). These carbohydrates are the main source of energy for the LI microbiota, and 59 
resulting metabolites (e.g. SCFA), are known to positively impact health (De Preter, Hamer, Windey, & 60 
Verbeke, 2011; Donohoe et al., 2014). However, if carbohydrates are unavailable, protein fermentation 61 
increases, leading to higher LI concentrations of potentially toxic end-products, such as ammonium (NH4+). 62 
Chronic elevations of such metabolites are known to be deleterious to gut health and have been associated 63 
with the development of colonic cancer (Le Leu et al., 2007).  64 
Gut dysbiosis, where there is an imbalance of the gut microbial community, during which bacterial 65 
diversity has been shown to be decreased, can occur due to age, and diet, with influence from both the 66 
macronutrient (e.g. fat, protein and carbohydrate), and micronutrient (e.g. polyphenol) level (Becker-Dreps 67 
et al., 2015; Crittenden et al., 2002; Heinritz et al., 2016; Jeffery & O'Toole, 2013; Le Leu, Young, Hu, 68 
Winter, & Conlon, 2013; Van't Slot & Humpf, 2009). Such changes have been associated with chronic 69 
diarrhoea (Becker-Dreps et al., 2015), enteric infections (Singh et al., 2015), Crohn’s disease, and ulcerative 70 
colitis (Nemoto et al., 2012). Therefore, for microbial metabolites to promote health, there must be a balance 71 
between the nature of substrates fermented, and the diversity of the bacterial community. 72 
Plant cell walls, the major structural component of fruits, vegetables and whole grains (Waldron, 73 
Parker, & Smith, 2003),  are the main source of fibre in the human diet (dietary fibre-DF) (Selvendran, 74 
1984). In fruits, this DF varies in polysaccharide composition and structure, specifically in the proportions of 75 
cellulose, hemicellulose and pectin within the cell walls (Schakel, Pettit, & Himes, 2001). Pectin, the 76 
dominant soluble polysaccharide in fruit (Redgwell et al., 1997), is consumed either as part of the whole 77 
fruit tissue, or as a refined ingredient. While both intact (primary) plant cell walls and purified pectin would 78 
be expected to be fermented in the LI, it is hypothesised that the more complex and diverse structure of cell 79 
walls would lead to more extended fermentation and greater microbial diversity in the LI than refined pectin. 80 
To test this, we chose a whole fruit (mango) as typical of popular fruit from the sub-tropical and tropical 81 
regions of the world. This was compared with a purified fibre in the form of pectin which is known to be a 82 
significant component of the dietary fibre of this fruit (Fernandez, 2001). 83 
This study investigated the effects of adding mango pulp (whole fruit fibre) and purified pectin 84 
(soluble fibre) on the porcine LI bacterial community and its fermentation products. Pigs are used as a 85 
human model, as they are omnivorous, share similar metabolic pathways, organ structures and functions, as 86 
well as having a similar range of gut microbes (Heinritz, Mosenthin, & Weiss, 2013). Bacterial populations 87 
and fermentation end-products were examined in digesta collected from four sites of the LI. It was 88 
hypothesised that the presence of dietary mango pulp or pectin would lead to potentially beneficial shifts in 89 
bacterial communities within the LI, compared with the low-fibre diet. Furthermore, these shifts may 90 
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become less noticeable upon approaching the DC, as mango pulp and pectin carbohydrates are readily 91 
fermentable (Low, Williams, D'Arcy, Flanagan, & Gidley, 2015). In addition, it was anticipated that these 92 
population shifts would be reflected in changes in fermentation end-products. 93 
 94 
2.  Material and methods 95 
2.1.  Animals 96 
Eighteen Large White male pigs were housed in a temperature-controlled room at the Queensland 97 
Animal Science Precinct (QASP), University of Queensland (Gatton campus, QLD), in individual pens. Pigs 98 
were fed twice daily and had free access to water. Procedures were approved by the UQ Animal Ethics 99 
Committee (CNAFS/179/11/CSRIO).  100 
 101 
2.2.  Experimental design and diets 102 
As part of a larger experiment, 30 animals were randomised and divided into three groups of 10, based on 103 
body weight and litter. The pigs within each group were fed one of three diets (Control, Mango or Pectin), 104 
while being individually housed in pens with a surface area of 135 cm x 70 cm. Of these, 18 animals were 105 
selected, six per diet group, for digesta bacterial community profiling. Diet formulations are shown in Table 106 
1 for: i) Control-diet with highly digestible wheat starch as the main carbohydrate; ii) Mango-diet in which 107 
15% starch was substituted with dried mango pulp (Nutradry Pty Ltd, Hendra, AUS); and iii) Pectin-diet in 108 
which 10% starch was substituted with apple pectin powder (Hawkin-Watts Pty Ltd, Mulgrave, AUS). 109 
These diets were designed to meet the animals’ nutritional requirements (Applied Nutrition Pty Ltd, 110 
Brisbane, AUS), and ingredient values were calculated using the feed formulation software designed by 111 
Format International (Woking, UK). Pigs were adapted to their diets as described by Zhang et al. (Zhang et 112 
al., 2015), and fed for three weeks prior to digesta collection.  113 
 114 
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Table 1  115 
Ingredients and formulation of diets. Values reported as percent air-dried weight, unless otherwise stated. 116 
Ingredient Supplier Control diet Mango diet Pectin diet 
Wheat starch Bidvest, Toowoomba, 
QLD, AUS 
64.9 52.5 54.9 
Mango powder Nutradry Pty Ltd, 
Hendra, QLD, AUS 
- 15.0 - 
Pectin (Classic AF 401 
85%) 
Hawkin-Watts Pty Ltd, 
Mulgrave, VIC, AUS 
- - 11.8 
Whey protein 
concentrate 
Total Foodtec, Darra, 
QLD, AUS 
3.0 3.0 3.0 
Calcium casenate Total Foodtec, Darra, 
QLD, AUS 
13.0 12.9 13.0 
Cellulose (Arbocel) Nutrimonde, Kogarah, 
NSW, AUS 
6.0 6.0 6.0 
Dried whole egg powder Sunny Queen, Carole 
Park, QLD, AUS 
2.0 2.0 2.0 
Palm  oil Kaytering Supplies, 
Tamworth, NSW, AUS 
3.1 3.0 3.2 
Sunflower oil Local Supermarket, 
Gatton, QD 
0.8 0.8 0.8 
Vitamin mix BEC Feed Solutions, 
Carole Part, QLD, AUS 
7.2 4.8 5.3 
Chemical analyses     
Dry Matter (%) - 91.3 91.7 91.5 
Ash (% as is) - 5.6 6.4 7.2 
Pectin (g/kg) - 5.1 16.6 69.3 
NDF (g/kg) - 52.3 62.0 66.2 
ADF (g/kg) - 26.3 26.5 29.0 
Crude protein (g/kg) - 165.7 169.2 163.6 
Crude fat (g/kg) - 46.2 43.3 47.1 
Total starch (g/kgDM) - 557.0 457.0 493.0 
 117 
 118 
2.3.  Digesta sample collection and analysis 119 
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Animals were anaesthetised as described previously (Zhang et al., 2015). In brief, following sedation, pigs 120 
were masked with isoflurane/oxygen. Thiopentone was given IV to allow tracheal intubation. Isoflurane gas 121 
was used for maintenance, until euthanasia with overdose of pentobarbitone sodium occurred following gut 122 
removal. Thereafter, digesta for bacterial profiling, SCFA and NH4+ analysis was collected from the Cae, 123 
PC, MC and DC, as previously described (Gorham et al., 2016). Samples were collected in 2mL cryo-vial 124 
tubes (ThermoFisher Scientific Pty Ltd, Scoresby, AUS) snap-frozen in liquid nitrogen, and stored at -80°C 125 
pending sequencing. Further samples were collected for SCFA and NH4+analysis and stored at -20°C as 126 
previously described (Gorham et al., 2016). 127 
 128 
2.4.  SCFA and NH4+ analyses 129 
SCFA and NH4+ analyses were carried out as described previously (Gorham et al., 2016). All results 130 
are reported as mmol/L digesta water, as both products occur within the liquid rather than solid phase. The 131 
%DM and dilution factor were used when calculating the results. 132 
 133 
2.5.  DNA extraction 134 
Total nucleic acids were extracted from 0.25g digesta for analysis following a mechanical lysis-135 
based method (Yu & Forster, 2005). Then, RNAse (2µl at 10mg/ml) was added to tubes, mixed, and 136 
incubated at 37°C for 15m. Clean-up of genomic DNA was completed with the QIAamp DNA stool mini kit 137 
(QIAGEN, Chadstone, AUS) following manufacturer’s instructions.  138 
 139 
2.6.  PCR and 16S rRNA gene amplicon sequencing 140 
Barcoded 16S rRNA bacterial gene amplicons were generated by PCR using Phusion DNA 141 
polymerase (ThermoFisher, Waltham, USA), and barcoded forward primer 341F (5’-Fusion A-Barcode-142 
CCTACGGGAGGCAGCAG-3’) and reverse primer 787R (5’-Fusion B–CTACCAGGGTATCTAAT -3’), 143 
targeting the V3-V4 variable regions (Baker, Smith, & Cowan, 2003). One set of barcoded primers was used 144 
per DNA sample. PCR using a Biorad S1000 Thermal Cycler (Gladesville, AUS) was conducted under the 145 
following conditions: lid heated at 105°C, initial denaturation at 98°C for 30sec, followed by 30 cycles of: 146 
denaturation at 98°C, 10sec; primer annealing at 65°C, 20sec; extension at 72°C, 15sec, and a final 147 
extension at 72°C, 10min. PCR amplicons were purified by gel electrophoresis on a 2% agarose gel and 148 
bands corresponding to the correct product size (~450bp) were excised and purified with the QIAquick gel 149 
purification kit (Qiagen, Chadstone, AUS), following the manufacturer’s instructions. Purified DNA was 150 
standardised to 40 ng/sample using the Quant-iT PicoGreen double-stranded DNA assay kit (ThermoFisher 151 
Scientific Pty Ltd, Scoresby, AUS) and submitted for 454 pyrosequencing (Macrogen Inc., Seoul, 152 
Sth.Korea). 153 
 154 
2.7.  Sequence analysis 155 
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Sequences generated by amplicon pyrosequencing were analysed as previously described (Gorham et 156 
al., 2016),  using Quantitative Insights Into Microbial Ecology (QIIME) software (v.1.8.1) (Caporaso et al., 157 
2010), and de-noised using the Acacia program (v.1.53) (Bragg, Stone, Imelfort, Hugenholtz, & Tyson, 158 
2012). Taxonomic classification was assigned using the Greengenes database 159 
(http://www.greengenes.lbl.gov). Alpha diversity indices (Shannon-Weiner, equitability and number of 160 
observed species) were calculated at a depth of 2800 sequences. Sequences and sample information were 161 
submitted to the European Nucleotide Archive of the European Bioinformatics Institute (EBI) 162 
(http://www.ebi.ac.uk) under the study ID ‘PRJEB15162’ and accession number ERP016868. 163 
 164 
2.8.  Statistical analysis 165 
Sequencing data was analysed with R (v.3.2.2) and RStudio (v.0.99.486) (http://www.rstudio.org). 166 
Heatmaps were produced using the package ggplot2, based on sequence reads that accounted for greater 167 
than 1% of all reads present in all samples, of one diet group. Principal Coordinates analysis plots (PCoA) 168 
using between class analysis and canonical correspondence analysis were created using the ade4, gdata, and 169 
made4 packages, using sequences from QIIME output and SCFA raw data (mmol/L). Additionally, Monte-170 
Carlo permutation tests were undertaken on groups within the PCoA analyses and significant P values 171 
reported as < 0.001.  172 
Statistical analyses for fermentation end-products were performed using PROC MIXED in SAS 173 
(Statistical Analysis Systems Institute, 2002/3). SCFA results were also expressed as proportions of total 174 
SCFA. 175 
 176 
3.  Results 177 
3.1.  Analysis of bacterial fermentation end-products at the caecum, proximal-, mid- and distal colon 178 
Fermentation end-products are shown in Table 2, per diet for all LI sites. Highly significant 179 
differences were observed between diets and LI sites for all end-products, except for propionate. End-180 
products also showed significant interactions between diet and site, except for the % butyrate of total SCFA. 181 
The Control-diet, across all sites, generally had the lowest values for all SCFA. Proximally, acetate values 182 
were highest for the Pectin-diet, both in terms of quantity and as a percentage of total SCFA. More distally, 183 
all SCFA decreased, and differences between diets were reduced, though Pectin-diet-fed pigs still had the 184 
highest acetic and total SCFA. 185 
Ammonium ions, an end-product of protein fermentation, showed a different pattern, where 186 
proximally, the Mango- and Pectin- diets had significantly lower NH4+ values compared with the Control-187 
diet. However, by the MC, NH4+ concentration for the Mango-diet was lowest, but highest for Pectin-diet-188 
fed pigs. Pectin showed the highest NH4+ values at DC, compared with the Mango- and Control-diets. 189 
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The branched-chain ratio (BCR) values, another indicator of protein fermentation, were generally in 190 
agreement with the NH4+ values, where proximally the Control-diet BCR was greater (P<0.0001) compared 191 
to the Mango- and Pectin-diets.  192 
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Table 2  193 
Short chain fatty acids (SCFA) and ammonia concentrations of porcine digesta sampled at the caecum (Cae), proximal colon (PC); mid-colon (MC) and distal 194 
colon (DC) sites for all diets.  195 
 196 
N = number of replicates; AcTot/PrTot/ButTot = % of the total SCFA that either acetate or propionate or butyrate comprise; BCR = the branched the ratio of branched chain acids (including valeric) on straight-197 
chain acids.  198 
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 199 
3.2.  Bacterial richness and diversity  200 
16S rRNA gene amplicon pyrosequencing of the LI digesta generated a total of 554,399 bacterial 201 
sequences (after chimera and singleton removal), with a mean of 7807 reads, and site means ranging from 202 
5,967 to 12,972 reads per sample (Table 3). The Good’s coverage was approximately 97.8% (Table 3), 203 
suggesting that the depth of coverage to capture the bacterial diversity was robust (Hughes & Bohannan, 204 
2004). These bacterial sequences were analysed by rarefaction curves and assigned to unique Operational 205 
Taxonomic Units (OTU). The Chao 1 richness estimator, as well as the Shannon’s diversity index are also 206 
shown in Table 3. For each site, the number of OTUs and the Shannon index were always in the order 207 
Mango>Control>Pectin. The Shannon index was significantly (p<0.05) lower for pectin compared with 208 
mango diets at each site sampled, showing that greater microbial diversity resulted from the Mango diet. The 209 
sequences were assigned to 2836 OTU, and the mean number of OTU per group per diet per site is also 210 
shown in Table 3. In total, 16 phyla, 78 families and 159 genera were identified. Per site, Firmicutes (1979 211 
assigned OTU), Bacteroidetes (536 OTU), Proteobacteria (91 OTU), and Actinobacteria (67 OTU) phyla 212 
accounted for greater than 95% of bacteria identified.  213 
 214 
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 215 
Table 3   216 
Number of Operational Taxonomic Units (OTU; ≥ 97% sequence similarity threshold) per site, per diet, as 217 
well as the mean species richness and diversity indices of sequenced samples (Chao 1, Shannon’s, 218 
Simpson’s and Good’s coverage indices). Different superscripts in the same column indicate significant 219 
differences (P < 0.05) between diets (per site within one column). 220 
  221 
Cae = caecum; PC = proximal colon; MC = mid-colon (MC); DC = distal colon. 222 
 223 
3.3.  Bacterial community differences based on diet groups versus sampling sites  224 
Fig. 1 shows the overall bacterial community structure of the Cae, PC, MC and DC digesta from pigs 225 
fed the three diets. Bacterial communities in the digesta of animals fed Control and Mango diets appeared to 226 
overlap at multiple sites, especially between the Cae and PC, while the Pectin-diet had bacterial 227 
communities predominantly unique to each site though these associations were not significant. There was an 228 
apparently similar pattern of change in communities for each of the three diets from Cae through MC to DC, 229 
indicating that community structure was more influenced by site than diet.  230 
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 231 
 232 
Fig. 1. PCoA (using between class analysis) of OTU profiles of digesta sampled from the LI of pigs fed the treatment diets. PCoA was based on weighted 233 
distances of 16S rRNA gene sequences found at the Cae, PC, MC and DC collection sites, for the Control-, Pectin-, and Mango-diets. Samples are coloured by 234 
collection site.  235 
Control Pectin Mango 
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3.4.  OTU differences between diet groups 236 
A heatmap of sequences, each accounting for >1% abundance, was generated and split 237 
according to site and diet (Fig. 2). These sequences belonged to four phyla; Firmicutes, 238 
Bacteroidetes, Proteobacteria, and Actinobacteria. Phascolarctobacterium increased in the Cae and 239 
declined in the DC, which was the trend for all diets. Nine unique OTU were identified for each of 240 
the Control- and Pectin-diets, and eight for the Mango-diet. These unique OTU sequences belonged 241 
to five orders: Clostridiales, Bifidobacteriales, Enterobacteriales, Lactobacillales, and Bacteroidales. 242 
However, only three of them were classifiable to species level, of which Faecalibacterium 243 
prausnitzii was in the Pectin-diet, and Lactobacillus mucosae in Mango. Faecalibacterium 244 
prausnitzii was also found for the Mango-diet with abundances of up to 0.32% but was not detected 245 
in the Control-diet. The greater diversity of species present in Mango-diet samples (Table 3), means 246 
that the abundance of individual species is on average less than that of the Pectin-diet samples. 247 
Furthermore, Faecalibacterium prausnitzii was more consistently present throughout the LI in the 248 
Mango-diet than the Pectin-diet. At Cae, PC, MC, and DC, abundances were 0.26, 0.32, 0.20, and 249 
0.27% for the Mango-diet, and 2.64, 1.49, 1.43, and 0.72% for the Pectin-diet, respectively. 250 
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 251 
Fig. 2. Heatmap of classifiable bacterial OTU abundant in the Cae, PC, MC and DC, ordered 252 
according to diet. The colour intensity represent the number of bacterial 16S rRNA gene sequences 253 
obtained which shared >97% identity to representatve sequences. Only OTU contributing >1% to 254 
the total population have been included. 255 
 256 
3.5.  Association between diet groups, bacterial families and fermentation end-products  257 
Fig. 3 shows that for Cae, butyrate and acetate were more associated with the Pectin-diet. In 258 
contrast the Control-diet had greater associations with propionate, branched-chain acids, and NH4+. 259 
The Mango-diet had no close association with any specific SCFA. In the DC, all diet groups were 260 
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equally associated with all end-products, and a relationship to any single variable was not observed. 261 
This suggests that by the DC, the overall end-product concentrations converged between diet groups 262 
compared with more proximally, consistent with fermentation end-product data (Table 2).  263 
Distinct bacterial families were associated with each diet. Enterobacteriaceae, 264 
Prevotellaceae and Lachnospiraceae were associated with the Pectin-diet in the Cae, but by the DC, 265 
associations were observed with protein-fermenting Peptostreptococcaceae. Families associated 266 
with the Control-diet included Bifidobacteriaceae and Streptococcaceae. Veillonellaceae, 267 
Porphyromonadaceae, S24-7, and an unclassified family of the Clostridiales order were associated 268 
with the Mango-diet. These bacterial families did not alter between the Cae and the DC. 269 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
16 
 
270 
 271 
Fig. 3. PCoA (using canonical correspondence analysis) of relationships between microbial end-272 
products, bacterial families and diet groups within the Cae and DC. 273 
[Caecum] 
[DC] 
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4.  Discussion 274 
A comparison of bacterial communities was made between four LI sites from pigs fed three 275 
separate diets (Mango, Pectin, and Control). Bacterial end-products related to carbohydrate and 276 
protein fermentation, were examined at the same locations. It was apparent that even within the 277 
same diet, there was considerable variation between pigs as seen in biological replicates of bacterial 278 
profiling, though in general the diet had the greatest effect on the overall bacterial community 279 
structure, as can be seen in Fig. 2. Cellulose was present in all diets to aid laxation (Table 1). 280 
Although indigestible, some fermentation may have occurred in all diets, as there was a correlation 281 
to the abundance of cellulolytic bacteria present (Table 4).  282 
Mango-fed pigs had the highest number of unique OTU for all sites. Mango fibres resist 283 
small intestinal digestion (Low et al., 2015), due to their high concentration of plant cell wall 284 
material (Jamsazzadeh Kermani et al., 2015), so it is expected that these fibres reached the Cae, and 285 
the increased OTU was related to the greater complexity of their plant cell walls (Olle, Lozano, & 286 
Brillouet, 1996). Plant cell walls are a more complex substrate for LI bacterial community 287 
members, as they contain pectin and polyphenolic compounds amongst others, in a matrix of 288 
cellulose and hemicellulose (Padayachee, Day, Howell, & Gidley, 2015). These results agree with 289 
work comparing raspberries and blackcurrants, which indicated that the more complex 290 
carbohydrates of raspberries resulted in greater bacterial diversity within the rat caecum, while 291 
blackcurrants with a higher proportion of rapidly fermentable soluble fibres showed reduced 292 
diversity (Jakobsdottir et al., 2013). 293 
In addition, F. prausnitzii, an important keystone species associated with a healthy gut 294 
microbiota (Ferreira-Halder, Faria, & Andrade, 2017), had a higher average percentage composition 295 
in the LI of Pectin-fed pigs (Fig. 4), compared to Mango- and Control-diets. However, the levels 296 
decreased in successive distal sites, presumably due to the highly fermentable nature of pectin, less 297 
of which was available more distally in the tract. In contrast, the average percentage contribution of 298 
F. prausnitzii stayed stable throughout the LI of Mango-fed pigs. The more complex matrix of 299 
carbohydrates in the mango cell walls would have slowed the rate of fermentation by decreasing 300 
accessibility to fermentable substrates. In contrast, F. prausnitzii was not detected in the Control 301 
diet, most likely due to the absence of pectin or other highly fermentable carbohydrate substrates 302 
reaching the large intestine.  303 
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 304 
Fig. 4. Average percentage composition of Faecalibacterium prausnitzii within the large intestine 305 
of pigs fed Mango and Pectin diets. LI sites of the control diet are not shown as F. prausnitzii was 306 
not detected. 307 
  308 
By the DC, the more readily fermentable carbohydrates would have been depleted, which 309 
explains the reduced OTU observed for all diets. Similar results were reported for pigs fed citrus 310 
and alfalfa DF (4.5% per diet), where bacterial populations from the DC were not quantitatively 311 
different from the control-diet (Brambillasca, Zunino, & Cajarville, 2015).  312 
The Cae of Pectin-fed pigs had the highest SCFA and the lowest NH4+, indicating 313 
significant carbohydrate fermentation. Yet, this high SCFA was associated with the lowest OTU 314 
numbers and diversity, according to Chao1 and Shannon Indices, showing that even though pectin 315 
produced the greatest amount of SCFAs (Table 2), it was produced from a less diverse microbial 316 
community of fermenters. Furthermore, the PCoA plot (Fig. 3) showed an association of the 317 
bacterial community with acetate and butyrate at this location. These SCFA are produced during 318 
carbohydrate fermentation and are known to impact favourably on host health (Nicholson et al., 319 
2012). In contrast, the Control-fed pigs had a closer association with NH4+ and the branched-chain 320 
acids, which one would expect for predominantly protein fermentation (Norat et al., 2005), from 321 
either endogenous or residual dietary protein not digested and absorbed in the small intestine. For 322 
SCFA production, quantitatively the Mango-diet was intermediate between the Pectin- and Control-323 
diets. Qualitatively, there were no significant associations with individual SCFA (Fig. 3). By the 324 
DC, there was little correlation between specific end-products and bacterial communities, as all 325 
end-products converged towards the middle of the plot (Fig. 3).  These differences in positioning 326 
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within Figure 3 were reflected in the abundance of the dominant bacterial families for each diet 327 
group. Table 4 summarises the taxonomic classifications of key OTU and their reported metabolic 328 
activity according to diet. Of the OTU contributing >1% of the total population, only five were 329 
shown to be common across all diets (Fig. 2). These common OTU were likely involved in 330 
fermentation of dietary components, such as protein and cellulose, which were not digested in the 331 
small intestine. 332 
 333 
Table 4  334 
Taxonomic classifications of OTU common to all diets, as determined in QIIME using the 335 
Greengenes database, with their reported metabolic activity according to diet. 336 
Diet Classified Taxonomy Reported metabolic activity Source 
All diets Ruminococcaceae Cellulose degraders. Plant cell wall 
polymer degraders. 
(Biddle, Stewart, 
Blanchard, & Leschine, 
2013) 
All diets Clostridium Cellulose degraders. (Biddle et al., 2013) 
All diets Enterobacteriaceae Proteolysis / proteolytic enzyme 
activity, especially an ability to 
thrive on dairy constituents such as 
casein. Some species have 
pectolytic activity. 
(Abbott & Boraston, 
2008; Morales, 
Fernandez-Garcia, & 
Nunez, 2003) 
All diets Streptococcus Endogenous proteolysis. (Carroll et al., 2013) 
All diets Phascolarctobacterium Succinate utiliser, producing 
propionate. 
(Watanabe, Nagai, & 
Morotomi, 2012) 
Mango & 
Pectin 
Faecalibacterium 
prausnitzii 
Pectin and uronic acid utilisation.  (Lopez-Siles et al., 
2012) 
Mango & 
Pectin 
Lachnosopiraceae Pectin utilisation. Plant cell wall 
degraders. 
(Cotta & Forster, 2006; 
Kashyap et al., 2013) 
Mango & 
Pectin 
Peptostreptococcaceae Proteolytic activity. (Dethlefsen, Eckburg, 
Bik, & Relman, 2006) 
Mango Clostridiales Pectin and xylooligosaccharide 
utilisation. 
(Cotta & Forster, 2006; 
Crittenden et al., 2002) 
Mango S24-7 Primary carbohydrate fermenters 
producing acetate, propionate and 
succinate. 
(Ormerod et al., 2016) 
Mango Lactobacillus mucosae Antimicrobial properties and 
epithelial barrier strengthening. 
(Fakhry et al., 2009) 
Mango & 
Control 
Blautia Cellobiose fermenters, also 
phytonutrient and phenolic-
metabolising pathways. Primarily 
acetate producers. 
(Cardona, Andres-
Lacueva, Tulipani, 
Tinahones, & Queipo-
Ortuno, 2013; Park, 
Kim, & Bae, 2013; 
Woting, Clavel, Loh, & 
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Blaut, 2010) 
 337 
For example, the genera Ruminococcus and Clostridium are known to include species capable of 338 
cellulose degradation (Schwarz, 2001). Enterobacteriaceae are known to possess proteolytic activity 339 
(Morales et al., 2003), as does Streptococcus (Carroll et al., 2013). The families Lachnospiraceae 340 
and Peptostreptococcaceae were common to both Mango- and Pectin-diets (Fig. 2). Within the 341 
family Lachnospiraceae, many gut species of the genus Butyrivibrio can utilise pectin (Cotta & 342 
Forster, 2006), and this genus may have been involved in pectin utilisation in these pigs, 343 
contributing to the increased abundance of this family.  344 
Changes to the overall bacterial community in the Mango-diet group could have been driven 345 
by the considerable proportion of OTU potentially capable of degrading pectin (Table 4). In 346 
addition, there was also an indicated association of Clostridiales with Mango both at the Cae and 347 
DC (Fig. 3). Species within the order Clostridiales have also been shown to utilise 348 
xylooligosaccharides (Crittenden et al., 2002), which are also present in mango (Olle et al., 1996). 349 
The genus Blautia within Clostridiales, have important phytonutrient and phenolic-metabolising 350 
pathways (Cardona et al., 2013; Woting et al., 2010), and the genus has been shown previously to 351 
be stimulated with increased dietary polyphenol intake (Queipo-Ortuno et al., 2012), therefore the 352 
polyphenols within the Mango-diet may have stimulated Blautia growth. Furthermore, the family 353 
S24-7 was detected in Mango digesta. Recent work has shown that S24-7 comprises primary 354 
carbohydrate fermenters producing acetate, propionate and succinate (Ormerod et al., 2016).  355 
Overall, OTU differences between diet groups were strongly associated with end-product 356 
data and the site of collection. This was most marked at the Cae and became less pronounced by the 357 
DC.  358 
 359 
5.  Conclusions 360 
This study has demonstrated that the consumption of complex plant cell wall material can 361 
increase diversity of the LI bacterial community in a site-specific nature, whereas isolated pectin 362 
can reduce diversity compared with a low fibre control. Consumption of the Mango diet resulted in 363 
sustained gastrointestinal tract health outcomes, in terms of bacterial diversity and fermentation 364 
end-products, when compared to a soluble fibre (pectin) alone. This supports the principle that a 365 
greater complexity of dietary fibres will have a positive outcome for the gut microbiota. In addition, 366 
the study shows that there can be major differences in fermentation behaviour at different sites 367 
within the LI, suggesting that development of future prebiotic dietary components should analyse 368 
the site effect in the gastrointestinal tract for specificity of action. 369 
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Table 2 Short chain fatty acids (SCFA) and ammonia concentrations of porcine digesta sampled at the caecum (Cae), proximal colon (PC); mid-colon (MC) and 
distal colon (DC) sites for all diets.  
 N Acetate Propionate Butyrate Total SCFA AcTot PrTot BuTot BCR Dry Matter Ammonia 
  mmol/L digesta water %   % mmol/L 
  Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Cae                      
    Control diet 10 71.0 7.24 22.5 1.55 4.87 0.71 105.3 8.51 66.9 0.91 21.7 0.82 4.59 0.35 0.067 0.003 32.4 3.30 31.2 1.95 
    Mango diet 9 116.6 7.63 25.0 1.63 6.22 0.75 152.2 8.97 76.4 0.96 16.6 0.83 4.05 0.37 0.029 0.003 16.7 3.30 21.1 2.05 
    Pectin diet 10 147.2 7.24 19.3 1.55 9.51 0.71 177.4 8.51 82.7 0.91 11.0 0.80 5.34 0.35 0.012 0.004 23.5 3.30 14.7 1.95 
PC                      
    Control diet 10 58.0 5.79 20.3 1.33 4.60 0.88 90.5 7.15 63.6 0.99 22.8 0.73 5.02 0.44 0.085 0.003 26.4 0.70 30.1 1.74 
    Mango diet 10 102.0 5.79 23.9 1.33 6.10 088 137.3 7.15 74.1 0.99 17.5 0.73 4.36 0.44 0.039 0.002 18.9 0.70 23.5 1.74 
    Pectin diet 10 128.9 5.79 21.1 1.33 9.89 0.88 164.9 7.15 78.1 0.99 12.8 0.73 5.99 0.44 0.03 0.003 21.4 0.70 25.2 1.74 
MC                      
    Control diet 10 39.6 4.64 14.7 1.45 3.25 0.78 63.7 6.72 62.0 0.87 23.0 0.60 5.09 0.39 0.098 0.004 30.2 0.86 22 2.04 
    Mango diet 10 60.0 4.64 14.9 1.45 4.16 0.78 84.4 6.72 70.8 0.87 17.8 0.60 4.87 0.39 0.064 0.004 20.8 0.86 19.8 2.04 
    Pectin diet 10 76.9 4.64 15.7 1.45 6.52 0.78 105.0 6.72 73.6 0.87 12.8 0.60 5.95 0.39 0.057 0.004 21.2 0.86 25.8 2.04 
DC                      
    Control diet 10 35.1 2.69 12.0 0.90 2.70 0.36 55.3 4.05 63.4 1.01 21.8 0.69 4.86 0.31 0.099 0.003 42.3 1.21 19.4 1.62 
    Mango diet 10 38.9 2.69 10.7 0.90 2.99 0.36 57.5 4.05 67.5 1.01 18.8 0.69 5.12 0.31 0.085 0.003 23.5 1.21 17.6 1.62 
    Pectin diet 10 46.4 2.69 11.9 0.90 4.36 0.36 68.8 4.05 67.8 1.01 17.0 0.69 6.32 0.31 0.088 0.003 23.9 1.21 24.9 1.67 
Probability                      
Diet  <0.0001 0.4215 <0.0001 <0.0001 <0.0001 <0.0001 0.0088 <0.0001 <0.0001 0.0266 
Site  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0125 <0.0001 <0.0001 0.0001 
Diet*Site  <0.0001 0.0330 0.0044 <0.0001 <0.0001 <0.0001 0.2518 <0.0001 <0.0001 <0.0001 
N = number of replicates; AcTot/PrTot/ButTot = % of the total SCFA that either acetate or propionate or butyrate comprise; BCR = the branched the ratio of branched chain acids (including valeric) on straight-
chain acids.  
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Table 3 Number of Operational Taxonomic Units (OTU; ≥ 97% sequence similarity threshold) per 
site, per diet, as well as the mean species richness and diversity indices of sequenced samples (Chao 
1, Shannon’s, Simpson’s and Good’s coverage indices). Different superscripts in the same column 
indicate significant differences (P < 0.05) between diets (per site within one column). 
Site Diet n Mean 
sequences 
OTU per 
animal group 
± SE 
Chao1 Shannon’s 
Index 
Simpson’s 
Index 
Goods 
coverage 
(%) 
Cae Control 6 9308 282 ± 25ac 431ac 4.913ac 0.900 98 
Mango 6 7743 356 ± 35bc 604bc 5.589bc 0.937 98 
Pectin 6 7953 214 ± 42a 334a 4.445a 0.907 98 
PC Control 6 6565 256 ± 11d 399d 4.792d 0.887 98 
Mango 6 8661 451 ± 35e 733e 6.001e 0.953 97 
Pectin 6 5967 218 ± 27d 326d 4.590d 0.904 98 
MC Control 5 12972 388 ± 56f 618f 5.068f 0.887 98 
Mango 6 7352 424 ± 42f 664f 6.239g 0.959 97 
Pectin 6 6218 265 ± 41f 412f 4.855f 0.902 98 
DC Control 6 7263 301 ± 16h 441h 5.459h 0.927 98 
Mango 6 7881 448 ± 46h 643h 6.350i 0.962 98 
Pectin 6 6679 293 ± 32h 449h 5.278h 0.918 98 
Cae = caecum; PC = proximal colon; MC = mid-colon (MC); DC = distal colon. 
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Highlights 
• Mango diet associated with greater bacterial diversity in the large intestine (LI). 
• Mango and pectin increased SCFA concentrations in LI digesta, particularly 
proximally. 
• Each diet was associated with distinctive bacterial communities. 
• Mango diet promoted stable Faecalibacterium prausnitzii levels across LI sites. 
• Pectin-diet levels of F. prausnitzii decreased towards the distal LI.  
• Mango-diet associated with the presence of Lactobacillus mucosae.  
 
